Abstract. To reach the 15% stabilized efficiency goal for amorphous silicon (a-Si) modules by the year 2005, the Natior:t al Renewable Energy Laboratory has established four research teams. The teams -with members from industry, universities, and NREL -have been in operation for 2.5 years now.
INTRODUCTION
Informed observers of energy markets generally believe that photovoltaics will not significantly penetrate the electric utility bulk-power sector until price and performance approach $50Im 2 for 15% efficient modules in flat-plate systems [DeMeo 1991] . Present best stabilized efficiencies for amorphous silicon modules are about 10%. There has been a consensus among the researchers funded by the National Renewable Energy Laboratory (NREL) , that in order to achieve a 15% stabilized efficiency, a triple-junction amorphous silicon structure is required. Consequently, the efforts under the NREL amorphous silicon research project have been directed toward such structures.
OBJECTIVES
The objectives of the DOE sponsored amorphous silicon PV research are to: 1) develop a cost-effective amorphous silicon PV technology to foster. a viable amorphous silicon PV industry in the United States ensuring that this industry remains a world leader in the a-Si technology; 2) help the U.S. amorphous silicon PV industry to achieve the U.S. DOE PV Program fiscal year 1995 milestone of 10% stable efficiency commercial thin-film modules; 3) help the U.S. amorphous silicon PV industry to achieve 12% stable efficiency commercial thin-film modules by 1998; and 4) achieve 15% stable efficiency multijunction a-Si:H modules for large-scale electric utility use by the year 2005.
APPROACH
To achieve the objectives in a timely and efficient manner, NREL established four research teams in November 1992: a Wide-bandgap Alloy Team, a Metastability and Mid-bandgap Alloy Team, a Low-bandgap Alloy Team, and a Multijunction Device Team [Luft 1993 ]. In the period of 1994-1995, these teams were joined with those of the Electric Power Research Institute, which had formed similar teams earlier in 1992. The joint teams consist of researchers from four industrial organizations, twelve universities, and NREL.
It is expected that coordinated team efforts with well defined mission objectives will lead to more rapid progress toward the 15% efficiency goal than a diffused effort by many independent researchers would [Peterson and Luft, 1993] . Having agreed on a triple-junction structure, a set of stabilized characteristics was adopted that must be achieved for the three component cells in the structure and for the combined structure to reach the goal of 15% stabilized. module efficiency. These parameters are shown in Table 1 .
The parameters are applicable to a multibandgap structure with the approximate Tauc bandgaps for the components as indicated in the table. The goals for the multijunction cell are based on modeling for a 14% device with an a-SiGe:H midgap layer and then extrapolated to 16% cells (15% modules) [Guha et al. 1993] .
The goals may change if the bandgap distribution is changed. The present status of corresponding parameters for small amorphous silicbn cells is shown in parentheses in Table 1 and is based on cell data from the PV industry after 600 hours or more light soaking at 1000 W /m 2 and 50°C. The mid-and low-bandgap small cells were degraded under illumination with filters. The best stabilized module efficiencies, as measured under a solar simulator, that have been reported so far are given in Table 2 .
Each of the four teams is addressing a number of research issues that have been identified by the researchers to be essential to meet the long-term objectives. The individual teams have defined the problems that must be overcome to achieve the parameters indicated in Table 1 , defined the root causes for the problems, and the countermeasures (research activities) to be taken. The most status of the urgent research activities is described in the following sections for the four teams. 
WIDE-BANDGAP ALLOY TEAM
The Wide-bandgap Alloy Team is addressing problems of low V oc' FF, and J s c for a-SiC:H alloys. The team is seeking to improve both the doped window-layer and undoped, wide-bandgap absorber layers required for a triple-junction design. (See Figure 1) . Only tho top six are being pursued. The team aims to demonstrate a 68 W/m 2 solar cell which utilizes only the blue/green portion of the solar spectrum. The exact spectral region available to this cell is determined by the detailed engineering of a triple-junction a-Si based solar cell; the provisional requirement is A. < 530 nm (hv > 2.4 e V), corresponding to a maximum short circuit current density of about 82 A/m2. The targets for the fill-factor and open-circuit voltage are 0.75 and 1. 10 V, respectively.
All three industrial members of the team have demonstrated solar cells which are fairly close to these wide-bandgap targets. The corresponding cell parameters for two groups are collected in Table 1 . Two very diff erent approaches were taken. Solarex cells use the p-i-n deposition sequence, with a-SiC:H intrinsic and p+ layers [Li et al. 1993] ; the nominal, "Tauc" bandgap for the intrinsic layer in their best cell was 1.90 eV. United Solar Systems Corp. and Energy Conversion Devices, Inc. have each demonstrated n-i-p deposition sequence wide-bandgap cells based on an a-Si:H intrinsic layer prepared using substantial hydrogen dilution during plasma deposition and a microcrystalline-Si p+ layer , Deng 1995 .
In fact there are additional grounds for optimism that the targets for the wide bandgap cell can be surpassed in the near future. A simple empirical correlation exists governing the largest reported open-circuit voltages of a-Si-and a-SiGebased solar cells with the bandgaps E0 of their intrinsic layers [Crandall and Schiff, 1995] :
The existence of this correlation strongly supports the view that the principal . limitation to V oc in narrower bandgap cells are the bandtail properties of theil;' intrinsic layers. However, extension of this correlation indicates that 1.90 e V material should be capable of generating V oc = 1.10 V, and indeed Y.-M. Li proposed factor limiting V oc to 0.98 V in the Solarex a-SiC:H cells was the p + layer [Li et al. 1993] .
The wide-bandgap team has therefore adopted an action plan which places the highest priorities on improving both wide-bandgap intrinsic layers and window (p + ) layers in p-i-n solar cells, as evidenced in particular by improved V oc-In addition to the work of the industrial team members noted above, there are several effons underway at the team's university laboratories.
At Pennsylvania State University, the research groups of R. Collins and C. R. Wronski are working to exploit the capability of monolayer-sensitive, in-situ monitoring of the growth of a-Si based films to improve wide-bandgap solar cell performance [Collins et al. 1995] . One example of the success of this technique was its detection of a thin "boron-silicide" layer at the p + /i interface of a p-i-n solar cell.
Using spectroscopic ellipsometry to monitor this layer, these researchers showed that deposition procedures which minimized its extent yielded an increase of about 0.1 V in V oc A similar monitoring approach is being applied to developing materials based on "chemical annealing" procedures, in which the advancing interface of a growing a-Si-based films is exposed to atomic hydrogen. produced by a hot filament incorporated into the plasma deposition reactor. In parallel with this work on novel deposition procedures exploiting in situ ellipsometry, these groups are working to demonstrate a baseline solar cell with properties comparable to the work by the industrial team members.
At the University of Illinois-Urbana Champaign, the research group of J . Abelson is developing a-Si-based materials and magnetron sputtering solar cells. The group has recently demonstrated a p-i-n solar cell based entirely on magnetron sputtered materials. One aspect of this cell illustrates the potential advantage of the magnetron sputtering approach. Scientists working on a-Si-based cells deposited in the sequence TCO/pliln need to work around the fact that transparent conducting oxide materials such as Sn02 can be damaged by the plasmas used to deposit the p + layer of the cell, in particular by the atomic hydrogen and other radical species generated in the plasma. In the magnetron sputtered cell, Abelson's group exploited the fact that a thin, unhydrogenated a-Si layer can be sputtered onto the TCO. The deposition of this layer does not damage the TCO, and in fact protects it from the subsequent deposition of a hydrogenated p layer. The unhydrogenated layer does not add significantly to the laboratories all exhibit a much increased nanostructure [Williamson et al. 1995] compared to unalloyed mate ri als. This nanostructure is plausibly the root cause for the increased defect density in a-SiC:H materials and perhaps also for the difficulty in making microcrystalline SiC:H materials.
The second thrust of the wide bandgap team's efforts to understand the workings of the solar cells is to develop a better insight into the origins of V o c ; this effort is particularly important for the wide-bandgap cell, where there is initial evidence that V o c is not increasing proportional to E0 above 1.8 e V as expected from the Eq. 1 correlation (for cells with intrinsic layers with E0 < 1.8 e V) [Li et al. 1993 , Crandall & Schiff, 1995 . There is a continuing effort in C. R. Wronski's group at Pennsylvania State University to distinguish between the mobility and optical bandgaps of wide-bandgap materials; it is not clear at present whether mobility gaps, which control the electrical properties of a solar cell, increase as rapidly as The team's highest priority is to deposit novel materials that will improve a-Si:H solar cell stability and to demonstrate this stability in laboratory-scale devices.
The new materials must have improved stability against light-induced degradation and/or reduced bandgaps compared to standard glow-discharge (GD) a-Si:H. We are presently investigating three new deposition approaches with potential to satisfy these goals. These are hot-wire (HW) a-Si:H, electron-cyclotron-resonance (ECR) a-Si:H and H-diluted glow-discharge a-Si:H. We focus in this paper on our progress in this high priority research toward more stable devices.
The hot-wire effort is led by NREL team members H. Mahan and R. Crandall.
In the HW deposition, a hot filament of W wire decomposes silane gas and an a-Si:H film grows on a heated substrate. The best HW films were shown to have both a reduced bandgap and improved stabilized properties. A 5.5% efficient n-i p solar cell grown on stainless steel with a HW i-layer was fabricated and has now been light-soaked for 4000 hours through a Pd contact (160 hours of !-sun equivalent soaking) without exhibiting any significant light-induced degradation.
[ Mahan et al., 1995] A comparable device with a GD i layer degraded more than 20% in its conversion efficiency under the same light soak.
Present efforts are focused on increasing the initial conversion efficiency of HW solar cells. Team members from United Solar Systems Corp. are assisting NREL to speed up this optimization effort. HW devices are a significant challenge because the deposition temperature of the most stable HW material is about 375°C, roughly 150°C higher than in GD. At these temperatures, there are problems with diffusion of H and of dopants within the films; special surface treatments and temperature profiling are required.
The HW material is studied by various team members in order to better understand its properties and determine which growth conditions yield the most promising films. The University of Oregon (D. Cohen), University of California (R. Braunstein) and NREL groups have established that HW films containing about 2 at% H show remarkable stability and have a bandgap about 0.12 eV below that of GD a-Si:H [Kwon et al., 1995] . The University of North Carolina group (D. Han) finds nuclear magnetic resonance evidence that the H bonding structure of HW fllms is significantly different from that of GD material.
The Iowa State University group (V. Dalal) has shown improved-stability material and solar cells from ECR-deposited a-Si:H. In this technique, an ECR hydrogen plasma is used to decompose silane gas onto a substrate, again heated to about 375°C. Under illumination, the ECR films degrade significantly less than conventional GD a-Si:H. Despite the high substrate temperature, Iowa State University has demonstrated 7.5% efficient ECR p-i-n devices on glass substrates that are considerably more stable than comparable GD solar cells. Present work focusses upon reducing the bandgap of the best ECR a-Si:H to about 1.6 eV.
The Penn State University (C. Wronski and R. Collins) and Solarex groups collaborate to study GD a-Si:H made from silane highly diluted with hydrogen gas (e.g., 20:1 dilution). Both groups make films and devices with H-dilution that are more stable than those made from undiluted silane gas. They also find that complete stabilization of the fihns and devices is reached after less than 100 hours of 1-sun light soaking [L. Yang and L. Chen, 1994] . This contrasts sharply with undiluted GD material and devices that continue degrading even after 1000 hours light-soaking. The good correlation observed between the fihn and device properties suggests the importance of stabilizing film properties to improve devices.
The NREL group discovered that they could reproduce the improved stability of H-diluted devices even if they restricted the i layer H-dilution to a region within about 20 nm of the p-i interface [Q. Wang, et al., 1995] . Through the team interaction, this work was adapted by L. Yang and coworkers at Solarex to improve the average deposition rate of their most stable devices. Solarex found that high H-dilution in the near-interface region (together with low H dilution in the rest of the cell) enabled them to grow solar cells with stabilized efficiency equal to their best high H-dilution cells. Because high H-dilution slows a-Si:H growth, this two-step approach to H dilution reduces the total device deposition time and could be used to improve manufacturing throughput at Solarex.
LOW-BANDGAP ALLOY TEAM
The Low-bandgap Alloy Team is concentrating on a-SiGe:H alloys with 1.40-1.45 eV bandgap. It addresses three main problems: 1) poor quality of materials, 2) poor devices, and 3) poor understanding of the stability issue. The major goal of the team is to achieve more stable, higher quality a-SiGe:H alloys in the 1.40-1.45 e V bandgap range. This bandgap range is selected because it generates the correct J sc needed for current matching under the solar spectrum for a triple-junction cell and also because this range· of alloys gives reasonable electronic properties and avoids the problems associated with excessive broadening of the Urbach tails in amorphous materials. The team recognized that the major problems lie with poorer material properties of a-(Si,Ge):H when compared with the properties of a-Si:H, and consequently, the primary research priority was to improve the material.
The research effort was focussed on growing and understanding improved materials, including measuring the material properties in device-like structures such as p-i-n diodes and Schottky barriers. Another area deemed important for improving the performance is in design, modeling, and analysis of improved solar cell structures, including graded-gap structures (See Figure 3) . New material growth techniques During the past 18 months, two new material growth techniques were used to produce a-(Si,Ge):H material that appears to have better opto-electronic properties. These were hot wire and remote low pressure ECR plasma techniques.
Hot wire. A group at NREL, led by H. Mahan, successfully grew a-(Si,Ge):H material of 1.5 e V bandgap using the hot wire technique used earlier for a-Si:H [Mahan et al. 1991] . The properties achieved in the film are shown in Table 3 .
A particularly noteworthy feature is the ability to grow a low-gap film (1.49 eV Tauc gap) using only 21% Ge in the film, as compared with the normal 30% required for glow-discharge deposition of a film with a similar bandgap. The high hole diffusion length (113 nm), and the low value of Urbach energy (51 meV) are also noteworthy, since they indicate a high film quality. Remote ECR growth. It was shown earlier by the group led by Dalal at Iowa State University that remote low-pressure growth of a-Si:H films using electron cyclotron-resonance (ECR) techniques produces high quality, more stable films than glow discharge [Dalal et al., 1994] . They have now extended this technique to grow high quality a-(Si,Ge):H films, using a He ECR discharge. In Fig. 4 , values of subgap absorption coefficient, a, and the Urbach energy, Eo v ' of valence band tails in these films are plotted as a function of the Tauc gap, and compared to corresponding values in glow-discharge deposited films. It is clear from Fig. 4 that the ECR films appear to have significantly better properties at a given Tauc gap than comparable glow-discharge deposited films. Dalal et al. (1994) have also found that the Ge content in these ECR films is much lower than in comparable bandgap glow-discharge films. The group plans to use their previously developed device fabrication techniques, described above in the Metastability and Midgap team's section to gro w all-ECR a-(Si,Ge):H devices.
Material Characterization Techniques
A major task has been to measure material properties of relevance to devices, preferably in device-like structures. To this end, the group at the University of Oregon, led by D. Cohen, has systematically measured properties (such as, Urbach energies and mid-gap defect densities) using Schottky barrier capacitance techniques in a-(Si,Ge):H materials deposited on c-Si substrates [Zhong et al., 1994] . They find that the defect densities increase as Ge content increases, but that different deposition techniques give different results. (See Fig. 5 .) They also find that material deposited under strong ion bombardment appears to have lower defect densities, the defects appear to be different in terms of their capture sz-
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Figure 4. Subgap a and Urbach energy as a function of Tauc gap in a-(Si,Ge):H alloys produced by ECR and glow discharge.
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cross-sections for holes than materials deposited without ion bombardment. In particular, the defects in ion bombarded materials appear to be hindering hole transport much more than in materials which did not have significant ion bombardment. A major discovery by the Oregon group has been that the a-(Si,Ge):H material, because of its intrinsically higher degree of disorder, has both charged and neutral defects as predicted by theory. Another extensively used technique has been small-angle x-ray scattering (SAXS), which has been very effective in detecting small voids in materials [Williamson et al., 1989] . This work was done by a group led by Don Williamson at Colorado School of Mines. They.find that the best device material, namely that produced by the USSC group , shows no evidence of clustered Si-Si or Ge-Ge bonds, and that the material appears to have elongated ellipsoidal voids in the growth direction. These voids do not appear to hurt transport properties perpendicular to the film.
Finally, the group at Iowa State has systematically measured the hole mobility-lifetime-product as a function of Tauc gap in a-(Si,Ge):H produced by the glow-discharge techniques. In common with the results of the Oregon group, these results indicate that increasing Ge content leads to decreasing hole mobility lifetime-products.
Device Design
Since the material properties of a-(Si,Ge):H are poorer than the properties of a-Si:H, the design of devices to improve hole transport becomes critical. The traditional method of improving hole transport is to use a graded bandgap scheme as shown in Fig. 6A [Guha et al. 1989] or 6B [Baldwin et al. 1993] . To overcome the problems of electron transport that arise in previous designs, Dalal has recently inCluded a graded, parts-per-million diborane doping in the i layer as shown in Fig. 6C . By doing such boron grading in the i layer, the group at Iowa State was able to improve the fill factors of their devices from 57% to 64%. A novel method for improving fill factor was also used by S. Wagner's group at Princeton University. They used micro-doping of the i layer to introduce sheets of charge in the i layer, thereby changing the field profiles in the material and increase the field in the middle of the i layer. The Princeton group simulated a cell using the AMPS model (see below in the next section), and then built a cell accordingly. They found that the fill factor reduction after light-induced degradation was less when they introduced these microsheets of charge in the i layer.
Device peiformance
The best device performance continues to be from the USSC group [Guha et al. 1993] . Their best low-bandgap cell results are shown in Table 1 . A particularly noteworthy achievement by the USSC group has been the fabrication of high performance a-(Si,Ge):H devices at very high growth rates (10 nm/sec) [Guha et al. 1995] . They also achieved a near 100% gas utilization. This achievement is of major importance for commercialization of a-Si devices.
Summary of progress
In summary, significant progress has been made in developing better materials using novel growth techniques, in understanding of material properties, in improved device designs, and in fabrication of better cells at high growth rates. There seems little doubt that the team will be able to achieve the near term DOE target of a 12% efficient tandem or multi-junction module using a-Si:H and a-(Si,Ge):H. The newer materials and novel device designs are likely to be of significant help in achieving the longer term target of 15% efficiency.
MULTIJUNCTION DEVICE TEAM
The Multijunction (MJ) Device team seeks to improve a-Si module performance independent of specific i layer bandgap or alloy. For example, the team effort is directed at aspects of the solar cell which are external to the a-Si semiconductor layers, such as the contacts, or to those which are common to all the devices, such as generic device modeling. The research priorities are listed in Figure 7 .
Experimentally, the primary focus is to develop alternative transparent conductive oxide (TCO) materials with reduced parasitic absorption losses and good light scattering properties, and to develop more reflective rear contacts. Analytically, the focus is on determining the optimum device design for a 15% stabilized efficiency MJ device, obtaining material and device parameters for better modeling, and incorporating realistic light trapping models into electrical device models. Note that more efficient photon utilization (less TCO absorption, better light trapping, and a more reflective bac k contact) has an impact far beyond generating higher short-circuit current density (J5c). Increasing the photons absorbed in a given i layer allows that layer to be thinner yet still generate the same current. Making the i layer thinner improves stability and reduces deposition time. These latter two benefits may be greater driving forces for improving optical absorption efficiency in a given i layer than increasing the J s c · Two different MJ device configurations have evolved in the a-S� PV industry. Superstrate devices (glass substrate/textured TCO/p-i-nlp-i-n/smooth TCO/metal) are made by Solarex, Utility Photovoltaic Group, and Advanced Photovoltaic Systems.
Substrate devices (stainless steel substrate/textured Ag/smooth TCO/n-i-p/n-i-pln-i-p/smooth TCO) are made by Energy Conversion Devices and United Solar Systems Corporation.
MJ team research relating to improved textured TCO materials for superstrate cells involves deposition of single-and double-layer TCO materials and evaluation of their optical and electrical properties. Textured Sn0 2 has been the industry standard but has two weaknesses. Its transparency is reduced under exposure to a reactive plasma due to chemical reduction. This causes a thin layer of highly absorbing Sn to be formed [Schade et al., 1984] . Furthermore, it has a peak transmission of only approximately 94% in the visible spectral range. Researchers have tried to get around these two problems by developing a very thin (10-20 nm) transparent protective coating for the Sn0 2 , and by developing alternative bulk TCO materials like ZnO. While ZnO is more transparent (97%) and more stable under plasma exposure than Sn0 2 , many groups worldwide have found it difficult to make low resistance ZnO/p contacts [Kubon et al., 1994] . Solarex has improved the J s c of tandem a-Si/a-SiGe devices by nearly 1 mA/cm 2 using textured ZnO having higher transparency compared to textured Sn0 2 (Arya et al., 1994 ) . The thermal and plasma stability of textured TCO materials were evaluated [S. Hegedus, et al. 1995] . The TCO materials included single layers of textured Sn02:F (APCVD), ZnO:F (APCVD), ZnO:B (LPCVD) and double layers of textured Sn02:F coated with thin layers (<100 nm) of ZnO:AI (sputtered) or Ti02 (APCVD). All of the ZnO films, and Sn0 2 films coated with thin layers of ZnO and Ti02, were largely stable against H2 plasma exposure. However, single-layer Sn02 showed increased absorption in range of 400-1000 nm, as expected. A new result was that the resistivity of the LPCVD ZnO films increases by 3-8 times when heated at 250°C for 1 hour in air or under vacuum. This explains why low resistance contacts may be more difficult, to make with LPCVD ZnO unless processing temperatures are kept below 250°C. APCVD ZnO, which is deposited above 400°C, was the only material found to be stable against both thermal annealing and H2 plasma. Future work will involve developing ZnO films by either LPCVD or APCVD with lower sheet resistance (<10 ohms/sq.) without sacrificing transparency (>95% peak around 550-600 nm). Light trapping also requires a very highly reflective back contact to allow multiple passes without significant absorption losses. This increases Jsc by enhancing the long wavelength quantum efficiency. Analysis of both superstrate and substrate devices indicates considerable losses in Jsc (2-4 mA/cm 2 ) which are attributed to a parasitic absorption at the back reflector.
The most common reflective back contacr for superstrate devices has been ZnO/Ag. However, Solarex found that red response of devices with ZnO/Ag decreased over time due to degradation of the reflectance of the ZnO/ Ag back contact [Li et al., 1994] . Solarex has developed a back contact using LPCVD ZnO with an AI reflector instead of an Ag reflector [Arya et al., 1994] . The new reflective ZnO/ AI contact is more stable and also greatly improves module yield by reducing shunts. Another approach to increase the scattering is to have double-textured devices. Besides the conventional textured front TCO layer, the rear TCO could be textured as well, leading to increased scattering and absorption of weakly absorbed photons. The group at United Solar Systems Corporation (USSC) has developed a SS/textured Ag/ZnO back contact for their substrate-type devices. USSC has compared this improved reflector to bare stainless steel (SS) using an a�SiGe bottom cell measured under the appropriately filtered (red) illumination. The Jsc under red light doubled from 5 to 10 mA/cm 2 with the improved reflector, and the net power output increased from 2.3 to 4.4 mW/cm2. USSC compared different types of texture for the back reflective contact of their substrate-type devices [Banerjee, 1994] . Further improvements are expected by reducing parasitic absorption losses associated with the SS/Ag/ZnO back contact structure, which is the subject of ongoing research at USSC. Photothermal deflection spectroscopy has been applied by Energy Conversion Devices (ECD) to characterize the back reflector for substrate devices. This lead to their development of a hot Ag/cold Ag/ZnO back contact in which the texture is provided by the bottom Ag layer deposited at high temperature and low growth rate while the reflectivity is provided by top Ag layer deposited at low temperature and high deposition rate [Deng and Narasimhan, 1994] . [Li et al., 1994 ] to explore why current mismatch increases the overall FF. . They found that when the junction with the lowest FF has the largest light generated current, the overall FF of the MJ device improves, but the net power output does not. Researchers at IEC (Hegedus and Phillips, 1994) SiGe:H material to improve hole transport, and boron compensation strategies appear to be beneficial in improving performance. Multijunction device team: evaluated devices on a new textured ZnO front contact, confirmed stability to plasma for all ZnO materials as front contact, developed a new Hot Ag/Cold Ag back reflector for improved light trapping, and started preparation of new device structure for planar semiconductor layers with an external reflector.
